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lsevier1. Introduction
In recent decades many intensive studies have been introduced
on the design and synthesis of highly selective ion-carrier as
sensory molecules in the fabrication of ion-selective electrodes.
There are many examples about the selective afﬁnity of Schiff’s
bases toward metal ions, and hence their application in the
construction of ion-selective electrodes (ISEs) Sadeghi et al.,
2006; Mashhadizadeh et al., 2002; Gupta et al., 2007; Farhadi
et al., 2004. Manganese is the twelfth most abundant element
and the third most abundant transition element (exceeded only
by iron and titanium). The most stable oxidation state of man-
ganese is Mn(II), and in the group oxidation state of Mn(VII)
it is even more strongly oxidizing than Cr(VI). Manganese lib-
erates hydrogen from water and dissolves readily in dilute
NOH
OH
O
Figure 1 Structure of ionophor (E)-2-(hydroxyl-5-methoxyben-
zylideneamino) phenol (HMP).
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is not very reactive at ambient temperatures but frequently re-
acts vigorously when heated (Greenwood and Earnshaw,
1985). The major uses of manganese are in the iron and steel
industries. Manganese dioxide is used quite extensively in alka-
line batteries, and in the glass, paints, and drying industries.
Other compounds of manganese are used as driers for paints,
varnishes, oils, fertilizers, disinfectants, and as anti-clock com-
pounds for internal combustion engines (Singh, 2005). Manga-
nese is the essential trace element that has a complex role in
many body functions. This element is toxic at higher levels
for organisms and plants. In humans, chronic manganese poi-
soning affects the central nervous system (Kendyzler and
Turker, 2002; Malvankar and Shinde, 1991). Therefore, it is
important from analytical point of view to develop sensitive,
selective and economical method for the determination of the
trace amounts of manganese (Wang and Lu, 1995; Afzali
et al., 2008; Shamspur and Mostafavi, 2009; Mashhadizadeh
et al., 2007).
The Schiff base derived from salicylaldehyde (salens) poly-
dentate ligands are known to form very stable complexes with
transition metal ions (Ochiai, 1973; Tajmir-Riahi, 1983; Arena
et al., 1986; Calligaris et al., 1987; Martell and Sawyer, 1988;
Atwood, 1997; Shamsipur, 2009). The resulting salen com-
plexes have attracted increasing attention, mainly due to their
peculiar properties (Calligaris et al., 1987; Atwood, 1997) and
their reactivity mainly in the area of binding small molecules
(Martell and Sawyer, 1988). Chelating agents with moderate
coordination sites like nitrogen seem to generate great afﬁnity
toward moderate metal ions such as Cu(II). Schiff bases are li-
gands containing mixed O, N-donor atoms, which have high
bonding afﬁnities with some metal ions such as Cu(II), Cd(II),
and Pb(II) . . . ions.
The aim of this work is to use an asymmetrical tridentate
Schiff base ligand E)-2-(hydroxyl-5-methoxybenzylideneami-
no) phenol (Fig. 1) as an active material in PVC matrix for
the fabrication of Mn(II) – selective sensor.Table 1 Optimization of membrane ingredients.
No. Composition (w/w)%
PVC HMP Plasticizer
1 31.5 62.4, DBP 3.1
2 31.25 62.5, DOP 3.12
3 29.8 61.9, DBP 5.1
4 83.3 0 8.30
5 29 61.9, DOP 0
6 30 67, NPOE 3
7 36.3 52.9, DBP 4.3
8 28.6 62.4, DBP 5.22. Experimental
2.1. Apparatus
All potentiometric measurements were made at 25.0 ± 0.1 C
with a pH/mV meter (Zag Chimi, Iran) using proposed sensor
in conjunction with a double junction Ag/AgCl (Azar elec-
trode, Iran) as reference electrode.
2.2. Reagents and solutions
Analytical reagent grade chemicals and doubly distilled water
were used for preparing all aqueos solutions. High molecular
weight polyvinyl chloride powder (PVC), dioctyl phthalate
(DOP), dibutyl phthalate (DBP), dimethylsebacate (DMS),
and tetrahydrofuran (THF) were obtained from Aldrich
company. Sodium tetraphenylborate (NaTPB) and o-nitroph-
enyloctyl ether (NPOE) were obtained from Fluka. Salts of
metal nitrates were of the highest purity available from
Merck (Darmstadt, Germany) and were used as received.
2.3. Synthesis
(E)-2-(hydroxyl-5-methoxybenzylideneamino) phenol (HMP)
was prepared by the standard method (22). A mixture of 2-hy-
droxy-5-mehoxybenzaldehyde (0.001 mol, 0.152 g) and 2-ami-
no benzyl alcohol (0.001 mol, 0.123 g) was mixed. The
resulting mixture was boiled under reﬂux for 2 h and the solu-
tion was concentrated and allowed to cool at room tempera-
ture for 48 h. The yellow solid obtained was ﬁltered, washed
with cooled methanol, and recrystalized from ethanol–chloro-
form (1:1), m.p.:120–121 C. Yield:69% IR (KBR) (tmax
(cm1)):1616 and 3100–3416 (OH).
Anal calcd for 15H15NO3 (257.29):C, 70.02%; H, 5.88%; N,
5.44% found: C, 69.9%; H, 5.9%; N, 5.35%.
1HNMR (400 MHz, DMSO solutions); 3.71 (1H, s, OH),
3.89 (3H, s, CH3), 4.63 (2H, s, CH2), 5.41 (1H, s, OH),
6.83–7.34 (7H, m, 7CH), 8.61 (1H, s, CH).
13CNMR (400 MHz, DMSO solutions):118.1, 132.4, 148.2,
153.3, 154.5 (5c), 111.5, 116.9, 117.4, 121.6, 120.3, 128.4, 132.6
(7ch), 59.7 (CH2), 52.4 (CH3), 158.6 (C‚N).
2.4. Electrode preparation
The procedure to prepare the PVC membrane was to mix the
powdered PVC, the plasticizer, the ionophore HMP and theNaTPB Slope (mV/dec) Dynamic range (M)
3.2 19 1.0 · 105–1 · 103
3.12 6.10 1.0 · 106–3.0 · 104
3.3 9 1.0 · 105–1.0 · 103
8.30 0.95 1.0 · 106–1.0 · 103
4.1 21 2.0 · 106–1.0 · 102
0 10.9 2.0 · 105–1.0 · 103
6.5 16 2.0 · 106–5.0 · 103
3.7 28.6 6.0 · 106–2.0 · 102
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shown in the Table 1.
The resulting mixture was transferred into a glass dish of
2 cm diameter. The solvent was then allowed to evaporate at
room temperature until an oily concentrated mixture was ob-
tained. A Pyrex or Teﬂon tube (3–5 mm i.d. on top) was
dipped into the mixture for about 11 s so that transparent
membrane of about 0.3 mm thickness was formed. The tube
was then pulled out from the mixture and kept at room tem-
perature for about 1 h. The tube was then ﬁlled with internal
ﬁlling solution(1 · 102 (M) Mn(NO3)2Æ4H2O); the electrode
was ﬁnally conditioned for 24 h by stoking in a 1 · 102 M
solution of manganese nitrate. A silver/silver chloride electrode
was used as an internal reference electrode. The ratio of vari-
ous ingredients, concentration of equilibrating solution and
time of conditioning was optimized to provide membrane,
which resulted in reproducible, and potentials with relatively
little noise.
2.5. Emf measurements
All emf measurements were carried out with the following cell
assembly:
Ag/AgCl | internal solution (1 · 102 (M), Mn(NO3)2) |
PVC membrane | test solution | Ag–AgCl.
All measurements were carried out in a 50 ml double-walled
glass cell, with constant magnetic stirring of the test solution.
Activities were calculated according to debye–huckel proce-
dure (Kamata et al., 1988).
3. Results and discussion
3.1. Preliminary experiments
The structure of the compound examined as a carrier to pre-
pare PVC membrane electrodes for a number of metal ionsFigure 2 Potential response of various ion-selective electrodes
based on HMP ligand. Conditions: membrane ingredients, 5.2%
ionophore, 28.6% PVC, 62.4% DBP, and 3.7% NaTPB; internal
solution, 1 · 102 M of each cation used. The electrodes have been
conditioned in 1 · 102 M of the corresponding cation for 24 h.including alkali, alkaline earth and transition metal ions is pre-
sented in Fig. 1. The key ingredient of such plasticized PVC
membrane is the incorporated carrier that deﬁnes the selectiv-
ity of the electrodes via selective complex formation with the
cation of interest. Due to its sufﬁcient insolubility in water
and the presence of donating nitrogen and oxygen atoms in
its structure HMP ligand was expected to act as a suitable
ion-carrier in the PVC membranes with respect to special tran-
sition and heavy metal ions of proper size and charge. Thus, in
preliminary experiments, it was used as a neutral carrier to pre-
pare PVC-based membrane electrodes for a variety of metal
ions. Characterization of the selectivity of Mn(II) sensor over
other metal ions is shown in Fig. 2. It is seen that the mem-
brane electrode responds to manganese(II) with near Nerns-
tian slope and a wide concentration range while other metal
ions show poor response. Therefore, the ligand (HMP) was se-
lected as a suitable sensor material for Mn(II)-ion in PVC ma-
trix. The potential response of the most sensitive electrodes is
prepared under the same experimental conditions (except for
24 h conditioning in a 0.01 M of the corresponding cations).
As it can be seen, among different tested cations, Mn(II)
with the most sensitive response seems to be suitably deter-
mined with the PVC membrane based on HMP and the emf
responses obtained for all other cation-selective electrodes
are much lower than those of the predictor by the Nernst equa-
tion. This is probably due to both the selective behavior of the
ionophore against Mn(II) in comparison to some other metal
ions and the rapid exchange kinetics of the resulting HMP–
Mn(II) complexes.3.2. Effect of membrane composition
Besides the critical role of the nature of the ion-carrier in pre-
paring membrane-selective electrodes, some important features
of the PVC membrane, such as the amount of ionophore, nat-
ure of solvent mediator, plasticizer/PVC ratio, and, especially
the nature of additives used, are known to signiﬁcantly inﬂu-
ence the sensitivity and selectivity (Javanbakht et al., 1999,
2000; Shamsipur et al., 1999, 2000, 2001, 2002; Ganjali et al.,
2000a,b; Fakhari et al., 1997). It is well known that the sensi-
tivity and selectivity obtained for a given ion-selective elec-
trode depends not only on the nature of ionophore used, but
also signiﬁcantly on the membrane composition and the prop-
erties of the plasticizer employed. Thus, the inﬂuences of the
membrane composition and the nature of plasticizer on the re-
sponse characteristics of Mn(II) ion-selective electrode based
on HMP were investigated and the results are summarized in
Table 1. The nature and amount of plasticizer on the dielectric
constant of the membrane phase, the mobility of the iono-
phore molecules and the state of ligand largely affect the re-
sponse characteristics of ion-selective electrodes.
As it can be seen in Table 1, among the three different plast-
icizers often used with PVC membrane electrodes including
NPOE, DOP and DBP the best calibration parameter and
mechanical characteristics of the membranes were observed
in the case of DBP; hence this plasticizer was used in further
studies. This indicates that the solvent medium of DBP is
probably recognized in providing the best complexation envi-
ronment between manganese ions and carrier. The results ob-
tained indicate that the best performance was observed with
the membrane electrode No.8, comprising the percent ratio
Figure 3 Effect of pH of test solutions on the response of Mn(II)
selective electrode based HMP ligand.
204 I. Sheikhshoaie et al.as 28.6:62.4:5.2:3.7 for PVC:DBP:HMP:NaTPB constituents,
respectively.Table 2 Selectivity coefﬁcients of various interfering
ions for Mn(II) ion-selective electrode based on HMP.
Interfere ion (B) Log KpotMn2+, B KpotMn2+, B
Yt(II) 1.8 1.6 · 102
Pb(II) 2.2 6.6 · 103
Ni(II) 1.6 2.5 · 102
Cr(III) 3.1 7.9 · 104
Zn(II) 2.7 2.0 · 103
Fe(II) 1.6 2.5 · 102
K(I) 2.3 5.0 · 103
Ca(II) 1.7 1.8 · 102
Co(III) 2.4 4.0 · 103
Cu(II) 1.2 6.30 · 102
Figure 4 Potentiometric titration curve of 100 ml of
1.0 · 103 M Mn(NO3)2 solution with 1.0 · 102 M EDTA using
the proposed membrane sensor as an indicator electrode.3.3. Effect of pH on the potential response of the electrode
The pH dependence of the electrode was tested over the pH
range of 1.5–10 at a 1.0 · 103 M Mn(II) ion concentration
(Fig. 3). It is clear from Fig. 3 that the potentials are fairly con-
stant in the pH range of 4.0–9.5 and the same may be taken as
the working pH range of the sensor.
At low pH values the donor atoms in the chelating iono-
phore are probably protonated, and unable to complex readily
with Mn(II). The sharp change in the potentials at higher pH
values may be due to the hydrolysis of the Mn(II) ions to form
manganese hydroxide.
3.4. Inﬂuence of the inner ﬁlling solution concentration and
condition time
The proposed electrode was also used at different concentra-
tions of the internal reference solution from 1.0 · 102 to
1.0 · 105 M. Functioning of the membrane sensor with refer-
ence solutions of various Mn(NO3)2 concentration found only
a slight effect on the potential response of the electrode. A
1.0 · 102 M concentration of the reference solution is the
solution found to be quite appropriate for smooth functioning
of the system. Optimum conditioning time for the membrane
electrode in a 0.01 M manganese nitrate solution is 24 h. It
then generates stable potentials when placed in contact with
Mn(II) solutions.
3.5. Performance of the proposed electrode
We measured the average time required for the Mn(II) ion-
selective electrode to reach a potential within ±1 mV of the ﬁ-
nal equilibrium value after successive immersion in a series of
manganese ion solution, each having a 10-fold difference in
concentration. The static response time of the membrane elec-
trode obtained was 11 s and the potentials stayed constant
for 9 min, after only a very slow divergence within the
months without any measurable change in response time,
slope, or detection limit. The performance characteristics of
the membrane remained unchanged when the potentials re-
corded either from low to high concentrations or vice versa.
This means that the response was rapid and reversible. Themembrane electrode prepared could be used for about 2
months without observing any change in response characteris-
tics (week-to-week tested). The standard deviation of ten rep-
licate measurements with one membrane within 6 weeks was
5.0%. The membranes were stored in 0.01 M Mn(II) solution
or were dry when not in use. If the membrane was stored
dry, it must be conditioned in a 0.01 M manganese nitrate
solution for 24 h.
To evaluate reproducibility of this electrode, a series of
membranes (ﬁve) with similar composition (No. 8) were
prepared and the response of these electrodes to Mn(II) ion
concentration was tested. The results showed that the average
of slopes, detection limits and linear dynamic ranges were
28.6 ± 1 mV/decade, 3.0(±0.2) · 106 M and 2.0(±0.2) ·
102 to 6.0(±0.3) · 106 M), respectively. The standard
deviation of measurements of 1.0 · 105 M to Mn(II) solution
with these ﬁve electrodes was ±1.5. The standard deviation of
10 replicate measurements was ±0.5 mV.
3.6. Selectivity
The potentiometric selectivity coefﬁcients of the electrode
(KpotMn
2+
, B), toward different cationic species were deter-
mined by IUPAC recommended-matched potential method
(Javanbakht et al., 1999) at a 1.0 · 102 M concentration of
interfering ions. The resulting selectivity coefﬁcients which
are summarized in Table 2, indicate that the sensor is selective
Table 3 Comparison of the proposed ion selective sensor with the existing sensors.
Ref. no. Work ing concentration
range (M)
Slope
(mV/decade
of activity)
pH Response
time
Lifetime
(days)
Gupta et al. (2007) 5.0 · 106–1.0 · 101 30.0 3.0–6.5 10 s 75
Mashhadizadeh et al. (2007) 4.0 · 107–1.8 · 102 30.1 4.5–7.5 10 s 60
Agarwala and Chattopadhyaya
(1989)
1.0 · 106–1.0 · 101 NM 2.3–8.8 35 s NM
Singh et al. (2005) 1.25 · 105–1.0 · 101 M 29.5 3.0–8.0 20 s 120
Proposed sensor 6 · 106–2 · 102 29.0 4.0–9.5 11 s 60
NM= not mentioned.
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seen for most ions used KpotMn
2+
,B values were of the order
of 102 or smaller, indicating that they would not signiﬁcantly
disturb the functioning of the Mn(II) ion-selective electrode.
Hence, these cations are not expected to interfere with the
functioning of the proposed Mn(II)-selective sensor even at
high concentration levels. The practical utility of the proposed
membrane sensor was tested by its use as an indicator elec-
trode for titration of 100 ml of 1.0 · 103 M, Mn(II) ions with
a 1.0 · 102 M, EDTA solution and results were shown in
Fig. 4. As it is seen, the amount of manganese ions in solution
can be accurately determined with the electrode.
4. Conclusion
A new PVC membrane electrode for Mn(II) ions based on
HMP as ionophore was investigated. The use of the new N–
O Schiff’s base HMP provides the best response characteristics
with Nernstian behavior over a wide concentration range of
(2 · 102–6 · 106) and a fast response time of <11 s. The sen-
sor works well in a pH 4.0–9.5. Consequently, the proposed
sensor is on the one hand, superior to the existing sensors in
terms of response time and lifetime and on the other hand,
comparable with regard to other parameters such as slope,
pH range, concentration range and selectivity (Table 3).
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